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Higher Mushroom Consumption Is Associated with
Lower Risk of Cancer: A Systematic Review and
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Mushrooms are rich in bioactive compounds. The potential health benefits associated with mushroom intake have gained recent research attention.
We thus conducted a systematic review and meta-analysis to assess the association between mushroom intake and risk of cancer at any site. We
searched MEDLINE, Web of Science, and Cochrane Library to identify relevant studies on mushroom intake and cancer published from 1 January,
1966, up to 31 October, 2020. Observational studies (n = 17) with RRs, HRs, or ORs and 95% Cls of cancer risk for >2 categories of mushroom intake
were eligible for the present study. Random-effects meta-analyses were conducted. Higher mushroom consumption was associated with lower
risk of total cancer (pooled RR for the highest compared with the lowest consumption groups: 0.66; 95% Cl: 0.55, 0.78; n = 17). Higher mushroom
consumption was also associated with lower risk of breast cancer (pooled RR for the highest compared with the lowest consumption groups: 0.65;
95% Cl: 0.52, 0.81; n = 10) and nonbreast cancer (pooled RR for the highest compared with the lowest consumption groups: 0.80; 95% Cl: 0.66,
0.97; n = 13). When site-specific cancers were examined, a significant association with mushroom consumption was only observed with breast
cancer; this could be due to the small number of studies that were conducted with other cancers. There was evidence of a significant nonlinear
dose-response association between mushroom consumption and the risk of total cancer (P-nonlinearity = 0.001; n = 7). Limitations included the
potential for recall and selection bias in case-control designs, which comprised 11 out of the 17 studies included in this meta-analysis, and the large
variation in the adjustment factors used in the final models from each study. The association between higher mushroom consumption and lower
risk of cancer, particularly breast cancer, may indicate a potential protective role for mushrooms in the diet. Adv Nutr 2021;12:1691-1704.
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Introduction

Cancer constitutes a major threat to public health in both
high- and low-income countries. Globally, cancer is consid-
ered the second leading cause of death after cardiovascular
diseases with an estimated 9.6 million deaths according
to GLOBOCAN in 2018 (1). Modifiable risk factors such
as a healthy diet are considered to play a significant role
in the prevention of cancer (2). Mushrooms have been
consumed as a functional food by many cultures for centuries
because of their unique taste, subtle flavor, and role in a
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healthful diet, being low in calories, carbohydrates, sodium,
and fats and cholesterol-free (3-6). Edible mushrooms are
also rich in bioactive compounds, including phytochemicals
(alkaloids, phenolic acids, flavonoids, carotenoids) (7, 8),
fiber, polysaccharides (9), selenium (10, 11), vitamins (e.g.,
niacin, thiamin, riboflavin, ascorbic acid, and vitamins B
and D) (12-14), and the crucial antioxidants ergothioneine
and glutathione which may play a significant role in the
prevention of cancer (15-19). Many of the protective effects
of mushrooms are thought to be mediated through their
antioxidant properties with the unique antioxidant, ergoth-
ioneine, thought to be playing an important role (6, 7, 20,
21). Ergothioneine concentrations vary by mushroom type
with shiitake, oyster, maitake, and king oyster mushrooms
which are widely consumed in Eastern Asian countries
having higher concentrations than the white button, crimini,
and portabellas mushrooms which are broadly distributed
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and eaten in the United States (17, 22). The growing body
of evidence from various research groups across the globe
regarding the potential health benefits associated with edible
mushroom consumption, including reductions in the risk
of chronic diseases including cancer, has gained increasing
attention during the last few decades (3, 5, 7).

Even though mushrooms are often considered to be a
vegetable, they actually belong to the fungal kingdom (22,
23). There are >2000 species of mushrooms in nature, >25
of which are widely accepted as functional foods for human
consumption and commercially cultivated (5, 23). Overall,
mushrooms have been reported to have anticancer capabil-
ities and protective effects against tumor development (7)
and laboratory studies have revealed these anticarcinogenic
effects vary according to different types of mushrooms such
as shiitake, maitake, and Agaricus bisporus (button mush-
room) (8, 24, 25). Several epidemiological observational
studies have also reported an inverse association between
mushroom consumption and cancer risk (26-32). However,
several other epidemiological studies that have examined the
effects of mushroom intake on the risk of cancer have yielded
nonsignificant associations (33-36). The previous meta-
analysis that examined the association between mushroom
consumption and cancer risk was limited to only breast
cancer and included only a small number of articles (n = 7)
(37). Given the inconsistent findings in the literature and
lack of comprehensive studies including multiple cancers,
we conducted a systematic review and meta-analysis of
observational studies to examine the association between
mushroom consumption and risk of cancer at any site.
We hypothesized that higher mushroom consumption is
associated with lower risk of cancer.

Methods

Search strategy

We followed the Preferred Reporting Items for Systematic
reviews and Meta-Analyses (PRISMA) guidelines and the
guidelines established for reporting nonrandomized studies
in the Cochrane Library (38, 39) to select publications to
be included in this meta-analysis and to extract data. The
PRISMA approach follows a few key steps after conceptu-
alization of the research question including identifying and
selecting relevant studies, charting data, presenting summa-
rized results, discussing the results and their limitations, and
revealing funding sources (38). We performed a comprehen-
sive systematic literature search of the PubMed (MEDLINE),
Web of Science, and Cochrane Library databases to identify
relevant observational studies on the association between
mushroom consumption and the risk of cancer published
from 1 January, 1966, up to 31 October, 2020. The following
keywords were used: ((((mushroom OR Mushrooms)) OR
“Agaricales’[Mesh])) AND ((((Prevention) OR (risk OR
risks))) AND ((“Neoplasms”[Mesh]) OR (cancer OR can-
cers))). The reference lists of past systematic reviews (37,
40) and selected publications were manually searched and
scrutinized to identify additional pertinent studies. Only
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articles written in the English language were included in this
meta-analysis. Figure 1 depicts the search process.

Eligibility criteria
Studies were eligible for this systematic review if they
met the following criteria: 1) they used an observational
study design (case-control or cohort study design); 2) the
exposure of interest was dietary intake of edible mushrooms;
3) the outcome was the occurrence of any cancer; 4) the
authors reported associations in the form of relative risks
(RRs), hazard ratios (HRs), or odds ratios (ORs) with 95%
confidence intervals (CIs) for >2 categories of mushrooms
intake. We identified 19 publications consisting of 8 cohort
and 11 case-control studies: 17 publications (20, 26-31, 33—
36,41-46) were identified by searching PubMed (MEDLINE)
and 2 publications were identified by the manual search of
previous systematic reviews (47, 48). Two publications (44,
45) were excluded from the meta-analysis because mush-
room intake had been treated as a continuous variable, not as
discrete categories. The remaining 17 publications (20, 26—
31, 33-36, 41-43, 46-48) were included in the meta-analysis
(Table 1). Cross-sectional studies were excluded from the
current meta-analysis.

For the present meta-analysis, the primary outcome of
interest was the risk of total cancer, and the secondary
outcome of interest was the risk of site-specific cancer.

Data extraction

Two independent authors (DMB and PS) initially screened
the titles and abstracts of all selected publications eligible
for inclusion in the analysis. Disagreements were resolved
by discussion to meet a consensus. If necessary, an available
third author was consulted in order to reach a consensus.
Only relevant observational studies were included in the
current meta-analysis. The following data were extracted
from each publication: the first author’s name, the year of
publication, sex, sample size, dietary assessment, outcome
assessment, country in which the study was conducted,
study design, cancer type, mean age of study participants,
number of cases, categories of mushroom consumption,
reported HRs, RRs, or ORs with corresponding 95% Cls,
duration of follow-up for cohort studies, and the covariates
for adjustments in the final multivariable regression models.

Meta-power analysis

The R software dmetar package was used to calculate the
statistical power. With an expected average sample size of
12 individuals/group in the studies included in the meta-
analysis, 10 as the expected number of studies, a significance
level of 0.05, and high heterogeneity under a random-effect
model, we had a 90% statistical power to detect an overall
pooled effect size of RR = 0.66. For an Eastern compared with
Western region subgroup analysis, we had a 90% statistical
power to detect a minimum effect size difference of 0.34.
However, in the current study, the effect size difference was
0.47, which is higher than the minimum effect size difference.
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FIGURE 1 PRISMA flowchart of the systematic review and meta-analysis of mushroom consumption and risk of cancer. PRISMA, Preferred

Reporting Items for Systematic Reviews and Meta-Analyses.

Statistical analysis

We used the reported ORs, RRs, or HRs as the measures of the
association between mushroom intake and the risk of cancer.
According to a previous study, if the outcome (e.g., cancer) is
rare in all populations and subgroups, the distinctions among
different measures of RRs (e.g., ORs, rate ratios, and risk
ratios) can be ignored (49); therefore, we combined RRs and
HRs with ORs in the present meta-analysis and reported the
pooled effect size as RRs as common risk estimates for all
studies. Two publications (20, 34) reported separate ORs and
HRs for a different type of cancer. In these circumstances,
we extracted the ORs and HRs for each type of cancer and
used random-effects models to pool the RRs within each
study. In addition, 1 study (34) reported associations between
mushroom intake and multiple site-specific cancers such
as esophageal and endometrial. In this situation, we only
selected cancers that were available in other studies because

>2 studies are needed for meta-analysis (50). We used the
reported RRs for the remaining studies which had only
1 type of cancer to assess the association between mushroom
intake and the risk of cancer. We first log transformed
all the reported effect sizes of the data to normalize the
distributions. SEs were calculated by the following equations
as described previously (51): lower = log (lower 95%
CI) and upper = log (upper 95% CI), SE = (upper —
lower)/3.92.

To assess the associations between mushroom intake and
the risk of cancer, we pooled the RR data for the highest com-
pared with the lowest mushroom intake category from each
study, weighted by the inverse of their variances. We used
the metagen function from the R package meta to calculate
the pooled effect estimates using random-effects models (52).
Random-effects models were pooled using DerSimonian
and Laird’s method for the association between mushroom
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(Continued)

TABLE 1

Mushroom
consumption

Total

Covariates in the fully

Follow-up,

Reported effect sizes:

cases,

Mean age,

Dietary
assessment

Sample

Authors

adjusted model

y

HR/RR/OR (95% Cl)

(quantity)

Cancer site

Study design

Country

Outcome assessment

size,n

ex

(reference)

number of children,

menopausal status, energy
intake, carbohydrate, soy

protein, vitamin E, and folate

BMI, residence, occupation,

Not
applicable

Reference
OR: 1.00 (055, 1.81)

<1 time/wk

103

Case-control  Breast cancer  Not specified

Korea

Not specified

Not specified

Total: 262

F

Lee et al. (48)

family history, delivery

2-3 times/wk
1 time/d

miscarriage, breastfeeding,
periods of breastfeeding,

HRT
Age, education, BMI, and

OR:1.11(0.35,3.59)

Not
applicable

Reference
OR: 0.40 (0.30,0.70)

63.0 189 <1 time/wk

Case-control  Breast cancer

Korea

Short FFQ First diagnosis of

method

Total: 378

F

Leeetal. (30)

family history of breast

cancer
Age, sex, socioeconomic

time/wk

>1

histopathologically
confirmed
Endoscopic

Not
applicable

Reference
OR:0.38 (0.21, 0.66)

Low (<25th percentile),
Medium (25th-75th

136

Case-control Stomach Not specified

Korea

Quantitative

Total: 272;

M/F

Kim et al. (43)

status, family history, and

refrigerator use

cancer

examination

food frequency

M: 186; F: 86

percentile),
High (>75th percentile)

<4-6 times/y
>1 time/mo

confirmed by

method

OR:0.30(0.15,0.62)

histologic method
Confirmed by the

Age, sex, education, economic

Not
applicable

Reference
OR: 0.30 (0.20,0.70)

126

Case-control Stomach 515

Korea

FFQ

Total: 360;
M:222;F: 138

M/F

Park et al. (47)

status, and residence

cancer

histological
diagnosis

THRT, hormone replacement therapy; ICD-O, International Classification of Diseases for Oncology; JA, Japan Agricultural; MET, metabolic equivalents.

intake and the risk of all cancer. The results derived were
graphically presented in forest plots. Potential between-
studies heterogeneity was quantified using the Cochran’s Q
test and I statistics expressed as a proportion (%) in the
estimation of the random-effects models (53). Heterogeneity
was determined with a significance of P < 0.05. Univariate
meta-regression was used to examine the association be-
tween study designs, location of study (Western compared
with Eastern), and breast cancer compared with nonbreast
cancer. We selected breast cancer because it appeared to
be the most affected site as significant associations with
mushroom intake were only observed for cancers at this site.
Location was examined because mushroom intake is much
higher in Eastern countries such as China than in Western
countries such as the United States (17, 22).

As a secondary analysis, to better understand the shape
of the curve relating mushroom intake to cancer risk,
we conducted a dose-response meta-analysis using the R
software dosresmeta package. Studies included in the current
meta-analysis used different units to report mushroom intake
(e.g., grams, servings, and frequencies). To facilitate the dose-
response meta-analysis, we included studies (n = 7) that
reported >3 categories of mushroom intake in grams per
day. In publications where the median intake values per
mushroom intake category were not reported, we estimated
the average intake in each category by calculating the
midpoint of the upper and lower boundaries. When the
upper boundary of the highest category was not provided,
we assumed that it had the same amplitude of intake as
the closet adjacent category (54, 55). We then examined the
shape of the relation between mushroom intake and the risk
of cancer with a 2-stage random-effects dose-response meta-
analysis, using restricted cubic splines with 3 knots at fixed
percentiles (25%, 50%, and 75%) of mushroom distribution
as done in a previous study (37). It is worth noting that
the 2-stage dose-response meta-analysis model requires data
for >3 exposure categories, including the reference category,
within each study.

A P value for the nonlinearity of the dose-response
meta-analysis was tested using the Wald test. An influence
sensitivity analysis was performed by removing 1 individual
study at a time, to examine the effect of the excluded study on
the pooled effect estimates.

Publication bias was investigated through the use of
funnel plot asymmetry and tested by Egger’s asymmetry
test (56) and Begg’s test (57). All analyses were conducted
using R statistical software version 3.4.3 (R Foundation for
Statistical Computing, Vienna, Austria). A Pvalue < 0.05 was
considered statistically significant.

Results

Literature search and characteristics of studies

The first search from 1 January, 1966, up to 31 October,
2020, produced 450 studies from PubMed, 305 from Web
of Science, 84 from the Cochrane Library databases, and
2 from a manual search of reference lists of the previous
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Authors (Reference) Risk Ratio RR 95%Cl Weight
Zhang et al. (46) 1 0.83 [0.70;0.98] 8.9%
Lee etal. (34) 0.93 [0.80;1.08] 9.1%
Lee etal. (41) -3 0.76 [0.58;1.00] 7.8%
Mizoo et al. (31) —— 0.60 [0.40;0.90] 6.2%
Ko etal. (36) — 1.15 [0.46;2.86] 2.5%
Zhang et al. (42) —— 0.66 [0.46;0.95] 6.7%
Masala et al. (33) - 0.85 [0.69;1.05] 8.5%
Shin et al. (29) —a— 0.43 [0.21;0.88] 3.5%
Zhang et al. (28) —=— 0.36 [0.25;0.51] 6.8%
Zhang et al. (27) —H— 0.65 [0.43;0.98] 6.2%
Hong et al. (26) —— 0.55 [0.33;0.93] 5.0%
Lee etal (48) 1.11 [0.35;355] 1.7%
Van Gils etal. (35) 098 [0.85;1.13] 9.1%
Lee etal. (30) —— 0.40 [0.26;0.61] 6.1%
Hara etal. (20) — 0.94 [0.49;182] 39%
Kim etal. (43) —a— 0.30 [0.15;0.61] 3.6%
Park etal. (47) —a— 0.30 [0.16;0.56] 4.2%
Overall (Random-Effect Model) < 0.66 [0.55; 0.78] 100.0%
Heterogeneity: 12 = 77%, 1> = 0.0752, p < 0.01 ' ! ! ! !
02 05 1 2 5

FIGURE 2 Summary forest plot of mushroom consumption (highest compared with lowest category) and cancer risk. The square
represents the point estimate of each study and the size is proportional to its weight in the meta-analysis. The horizontal line through the
square represents its 95% Cl. The diamond represents the pooled risk ratio of the meta-analysis.

meta-analysis. After removing 246 duplicate records, a total
of 595 potential related publications were screened for
inclusion in the meta-analysis. Four hundred and seventeen
records screened were excluded after review of titles and
abstracts. One hundred and sixty-one full texts were further
excluded because of the following reasons: animal studies
(n 23), meta-analysis/reviews (n = 78), not relevant
exposure/outcome (n = 58), and mushroom intake treated
as a continuous variable (n = 2). Finally, 17 studies (20,
26-31, 33-36, 41-43, 46-48) (Figure 1) were eligible for
this meta-analysis consisting of 6 cohort studies (33-36,
42, 46) and 11 case-control studies (20, 26-31, 41, 43,
47, 48). The total number of cancer cases for this meta-
analysis was 19,732. The majority of studies included in this
meta-analysis were conducted in Asian countries (n = 14,
referred to as “Eastern countries” in the article), whereas
2 studies were conducted in Europe and 1 in the United States
(referred to as “Western countries” in the article). Table 1
shows characteristics of the studies included in the meta-
analysis.

Mushroom consumption and risk of cancer

Higher mushroom consumption was associated with lower
risk of total cancer (pooled RR for the highest compared
with the lowest consumption groups: 0.66; 95% CI: 0.55,
0.78; n = 17) (Figure 2). There was substantial heterogeneity
between studies (I> = 77%; P-heterogeneity < 0.01). Higher
mushroom consumption was associated with lower risk of
total cancer in cohort studies (pooled RR for the highest
compared with the lowest consumption groups: 0.89; 95% CI:
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0.82,0.97; n = 6) and case-control studies (pooled RR for the
highest compared with the lowest consumption groups: 0.52;
95% CI: 0.41, 0.66; n = 11) (Supplemental Figure 1). Higher
mushroom consumption was also associated with lower risk
of breast cancer (pooled RR for the highest compared with
the lowest consumption groups: 0.65; 95% CI: 0.52, 0.81;
n = 10) and nonbreast cancer (pooled RR for the highest
compared with the lowest consumption groups: 0.80; 95% CI:
0.66, 0.97; n = 13) (Figure 3).

When site-specific cancer was examined, a significant
association with mushroom consumption was only observed
with breast cancer (Figure 4). The lack of association with
other cancers could be due to the small number of studies
which examined associations of mushroom intake with other
site-specific cancers (<6 studies for each site-specific cancer
compared with 10 studies for breast cancer).

Subgroup analyses, sensitivity analyses, and
publication bias

We performed univariate meta-regression analysis to in-
vestigate the potential sources of heterogeneity. Subgroup
analysis (Table 2) showed that the significant association
between higher mushroom intake and total cancer risk was
observed only in studies from Eastern regions (pooled RR for
the highest compared with the lowest consumption groups:
0.58; 95% CI: 0.47, 0.71; P = 0.02; n = 14) (Supplemental
Figure 2). When limiting to breast cancer studies only, higher
mushroom intake was associated with lower risk of breast
cancer only in case-control studies (pooled RR for the highest
compared with the lowest consumption groups: 0.50; 95%



Authors (Reference) Risk Ratio RR 95%-ClI
Nonbreast Cancer
Zhang et al. (46) = 0.83 [0.70; 0.98]
Lee etal. (34) I 1.06 [0.69; 1.63]
Lee etal (34) 0.87 [0.54; 1.40]
Lee etal (34) — T 1.37 [0.62; 3.02]
Lee etal. (34) —®— 240 [0.91;6.33]
Lee etal. (34) —i 0.85 [0.65; 1.11]
Lee etal. (41) i 0.76 [0.58; 1.00]
Ko etal. (36) & 1.15 [0.46; 2.86]
Zhang etal. (42) —— 0.66 [0.46;0.95]
Hara etal. (20) —i— 0.71 [0.41;1.23]
Hara etal. (20) — 1.41 [0.60; 3.30]
Kim etal. (43) — 0.30 [0.15; 0.61]
Park etal. (47) —i— 0.30 [0.16; 0.56]
Overall (Random-Effect Model) <P 0.80 [0.66; 0.97]
Heterogeneity: /1 = 59%, t° = 0.0606, p < 0.01
Breast Cancer
Lee etal (34) 0.89 [0.77;1.03]
Mizoo etal. (31) —l— 0.60 [0.40;0.90]
Masala et al. (33) 0.85 [0.69; 1.09]
Shin et al. (29) —a— 0.43 [0.21;0.88]
Zhang et al. (28) —— 0.36 [0.25;0.51]
Zhang etal. (27) —il— 0.65 [0.43;0.98]
Hong et al. (26) —ll— 0.55 [0.33;0.93]
Lee etal (48) - 1.11 [0.35; 3.55]
Van Gils etal. (35) - 0.98 [0.85;1.13]
Lee etal. (30) —i— 0.40 [0.26; 0.61]
Overall (Random-Effect Model) = 0.65 [0.52; 0.81]
Heterogeneity: /> = 81%, t° = 0.0889, p < 0.01 | | | |

02 05 1 2 5

FIGURE 3 Forest plot of mushroom consumption (highest compared with lowest category) and breast cancer risk. The square
represents the point estimate of each study and the size is proportional to its weight in the meta-analysis. The horizontal line through the
square represents its 95% Cl. The diamond represents the pooled risk ratio of the meta-analysis.

CIL: 0.40, 0.62) but not in cohort studies (Supplemental
Figure 3).

In the sensitivity analysis, omitting each study at a time
did not indicate any substantial changes of the pooled RRs
from the random-eftects model. The pooled RRs ranged from
0.63 to 0.70 (P < 0.0001 for all) (Supplemental Figure 4).
Inspection of the funnel plot (Figure 5), Egger’s test for
asymmetry (P = 0.08), and Begg’s test (P = 0.16) did not
indicate the presence of publication bias.

Nonlinear dose-response meta-analysis

Seven studies were included in the restricted cubic spline
analysis to fit a 2-stage random-effects dose-response meta-
analysis. There was evidence of a significant nonlinear dose—
response association between mushroom consumption and
the risk of total cancer (P-nonlinearity = 0.001; n = 7), with

a45% lower risk at higher intake of 18 g/d (RR: 0.55; 95% CI:
0.36, 0.86) than at intake of 0 g/d (Figure 6).

Discussion

In this systematic review and meta-analysis of observational
studies, we found that higher mushroom consumption was
associated with lower risk of cancer. In particular, breast can-
cer appeared to be the most affected site because a significant
association with mushroom intake was only observed for
cancers at this site. Importantly, mushroom consumption was
associated with lower risk of cancer in both cohort and case-
control studies. The effect was much stronger in case-control
studies than in cohort studies. Our meta-analysis is generally
consistent with results from a previous meta-analysis of
observational studies that indicated an inverse association
between mushroom intake and the risk of breast cancer
(37). Evidence from epidemiological studies has shown that
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Authors (Reference) Risk Ratio RR 95%-CI

Prostate Cancer

Zhang et al. (46) | 0.83 [0.70;0.98]
Lee etal. (34) —— 1.06 [0.69; 1.63]
Overall (Random-Effect Model) B 0.86 [0.72; 1.03]
Heterogeneity: /1> = 7%, t° = 0.0022, p = 0.30

Breast Cancer

Lee etal. (34) - 0.89 [0.77;1.03]
Mizoo etal. (31) —— 0.60 [0.40;0.90]
Masala etal. (33) — 0.85 [0.69; 1.05]
Shin etal. (29) —— 0.43 [0.21;0.88]
Zhang et al. (28) —— 0.36 [0.25;0.51]
Zhang etal. (27) —=— 0.65 [0.43;0.98]
Hong et al. (26) — 0.55 [0.33;0.93]
Lee etal. (48) 1.11 [0.35; 3.59]
Van Gils et al. (35) - 0.98 [0.85;1.13]
Lee etal. (30) —— 0.40 [0.26; 0.61]
Overall (Random-Effect Model) <= 0.65 [0.52; 0.81]

Heterogeneity: /2 = 81%, ©> = 0.0889, p < 0.01

Ovarian Cancer
Lee etal. (34) —il— 0.87 [0.54;1.40]
Lee etal. (41) —- 0.76 [0.58;1.00]
Overall (Random-Effect Model) < 0.79 [0.62; 1.00]
Heterogeneity: = 0%, = 0,p=063

Stomach Cancer

Lee etal. (34) — T 1.37 [0.62;3.02]
Ko etal. (36) e 1.15 [0.46; 2.86]
Hara etal. (20) —— 0.71 [0.41;1.23]
Kim etal. (43) — 0.30 [0.15;0.61]
Park etal. (47) —&— 0.30 [0.16; 0.56]
Overall (Random-Effect Model) == 0.61 [0.33; 1.11]
Heterogeneity: /2 = 73%, ©° = 0.3398, p < 0.01

Liver Cancer

Lee etal. (34) T8 — 240 [0.91;6.33]
Zhang et al. (42) —— 0.66 [0.46;0.95]
Overall (Random-Effect Model) — e R—— 1.16 [0.33; 4.07]

Heterogeneity: /1> = 83%, t° = 0.6938, p = 0.01

Colorectal Cancer

Lee etal. (34) 0.85 [0.65;1.11]
Hara etal. (20) 1.41 [0.60; 3.30]
Overall (Random-Effect Model) 0.93 [0.64; 1.34]

Heterogeneity: /1> = 19%, t° = 0.0248, p = 0.27 1 ] | | |

0.2 05 1 2 5

FIGURE 4 Forest plot of mushroom consumption (highest compared with lowest category) and risk of site-specific cancers. The square
represents the point estimate of each study and the size is proportional to its weight in the meta-analysis. The horizontal line through the
square represents its 95% Cl. The diamond represents the pooled risk ratio of the meta-analysis.
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TABLE 2 Results of subgroup analysis and meta-regression for the association between mushroom

intake and cancer risk

P for heterogeneity

Characteristic Pooled RR (95% Cl) 12 (%) between subgroups
Cancer type 0.60
Breast 0.65(0.52,0.81) 81
Prostate 0.86(0.72,1.03) 7
Ovarian 0.79 (0.62, 1.00) 0
Stomach 0.61(0.33,1.11) 73
Colorectal 0.93 (0.64, 1.34) 19
Liver 1.16 (0.33,4.07) 83
Study design 0.002
Cohort 0.89(0.82,0.97) 13
Case-control 0.52 (041, 0.66) 59
Region 0.02
Western 0.93(0.85,1.02) 0
Eastern 0.58 (0.47,0.71) 68

regular consumption of fruits and vegetables is associated
with reduced risk of chronic diseases such as cancer and
all-cause mortality (58-61). A dose-response meta-analysis
indicated that higher mushroom consumption of 18 g/d was
associated with a 45% lower risk of total cancer than an intake
of 0 g/d.

The potential biological mechanisms underlying the
association between mushroom consumption and lower risk
of cancer may stem from their antioxidant properties due
to the specific mushroom components ergothioneine and
glutathione. Oxidative damage due to an excess of free
radicals is an important causal factor in the aging process
and diseases of aging including many cancers, with amounts
being related to poor lifestyle habits such as an unhealthy
diet (62). Reactive oxygen and nitrogen species (RONS) are
produced by some endogenous and exogenous processes, and
their negative effects are neutralized by antioxidant defenses.
Oxidative stress occurs from the imbalance between RONS

0

0.148

SE
0.297

0445

0.594

Log RR

FIGURE 5 Funnel plot of mushroom consumption (highest
compared with lowest category) and cancer risk from the

17 studies included in the meta-analysis. No significant publication
bias was detected (P = 0.08 for Egger’s test, P = 0.16 for Begg's test).

production and these antioxidant defenses and has been
associated with several chronic diseases such as cancer that
account for a vital portion of death today (62, 63). Given
the significant role of oxidative stress in the pathogenesis of
many chronic diseases, antioxidants may play a significant
role in the control and prevention of chronic diseases (62).
Mushrooms are a potent source of key antioxidants that
can mitigate oxidative stress and improve human health and
promote quality of life (16). In particular, ergothioneine,
which is found in very high concentrations in mushrooms,
is a sulfur-containing amino acid that has strong antioxidant
activity and is obtained exclusively through dietary sources
(4, 16, 19, 22, 64, 65). In a recent review, it was proposed
that ergothioneine could be used as a therapeutic to reduce
the severity of and mortality from coronavirus infectious
disease 2019 (COVID-19) (66). In addition, Paul and Snyder
(19) indicated that ergothioneine is an important physio-
logical cytoprotectant and should be designated as a new

2.0

1.0

RR

0.5

0.2

0.1

T T T T T
10 15 20

Mushroom consumption, g/d
FIGURE 6 Dose-response associations of mushroom

consumption and cancer risk. The solid lines represent the
best-fitting cubic spline and the dotted lines represent the 95% Cls.
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vitamin. Furthermore, Bruce Ames (67) has suggested that
ergothioneine is a “longevity vitamin” as defined by his Triage
Theory, with multiple potential functions in the body (e.g.,
antioxidant, cytoprotective, and antiaging). A very recent
study has also suggested that higher plasma ergothioneine
was associated with reduced risk of cardiometabolic disease
and mortality (68). Researchers from a previous study
have also revealed that mushroom species such as oyster
mushrooms contain ~10 times more ergothioneine than
other dietary sources such as chicken liver and black beans
(64). Mushrooms also contain other bioactive compounds
including polysaccharides such as 8-glucans that have been
implicated as having antitumor and immunomodulation
properties (4, 7, 69-71). Laboratory experiment studies
have revealed that anticarcinogenic effects of mushrooms
vary with different types of mushrooms such as shiitake,
maitake, and A. bisporus (8, 24, 25). Furthermore, in
vitro and in vivo studies have suggested that extracts of
mushrooms such as A. bisporus (8) and Agaricus blazei
Murill (72) were more likely to inhibit the growth of prostate
tumor cell lines in immune-deficient mice and to block
prostate tumorigenic progression. Based on their findings,
the authors suggested that mushrooms might be effective
for the prevention and treatment of human prostate cancer
(8, 72).

When site-specific cancer was examined, a significant
association with mushroom consumption was only observed
with breast cancer, not other cancers. The lack of association
with other cancers could be due to the small number of
studies which examined associations of mushroom intake
with other site-specific cancers (<6 studies for each site-
specific cancer compared with 10 studies for breast cancer).
It could be also due to the fact that dietary antioxidant
phytochemicals from mushrooms are inhibitors of aromatase
activity and possess antiestrogen properties which may
suppress breast cancer proliferation.

An interesting finding in the present meta-analysis is
that studies conducted in Eastern regions were inversely
associated with the risk of all cancer compared with those
in Western regions. The differences in risk between Eastern
and Western countries may result from differences in the
amounts and types of mushrooms consumed between these
regions. Total amounts of mushroom consumption tend to
be greater in Eastern countries (26, 29, 41).

Our meta-analysis has several strengths. To the best of
our knowledge, this is the most comprehensive meta-analysis
to assess the association between mushroom intake and the
risk of cancer at any site. The previous meta-analysis was
limited to only breast cancer and included a small number of
articles. The majority of studies in the present meta-analysis
(12 out of 17) used validated dietary assessment methods
such as FFQs. Moreover, we have tested the robustness of our
results by conducting several sensitivity analyses and testing
for potential publication bias. Lastly, we conducted a dose-
response meta-analysis to better understand the shape of
the curve relating to mushroom intake and cancer using a
restricted cubic spline.

1702 Baetal.

Notwithstanding, our study has several limitations that
should be noted. First, combining studies from distinct
populations increases the sample size and statistical power;
however, it may also result in heterogeneity because of
inequality in the characteristics of the study populations.
Second, the majority of the studies (11 out of 17) included
in the present analyses used a case-control design, which
is subject to recall and selection bias. A third limitation is
that publication bias is inevitable in any meta-analysis and
our study was limited by the inclusion of only those studies
that were published in English, thus, relevant non-English
published studies may have been missed. A fourth limitation
is that the adjustment factors used in the final models from
each study were not the same.

In conclusion, the current meta-analysis showed a sig-
nificant inverse association between higher mushroom con-
sumption and lower risk of cancer. In particular, breast cancer
appeared to be the most affected site because a significant
association with mushroom intake was only observed for
cancers at this site. A lack of significant association for site-
specific cancers in this study could be due to the low numbers
of studies specifically for these cancers. Our findings may
have important public health implications in the prevention
of chronic diseases and mortality. In addition, the results are
useful for policy makers, contributing to increasing public
awareness about the role of the diet on health, and potential
protective effects of mushrooms in lowering the risk of
cancer. Lastly, findings from this study will also provide
useful directions for future epidemiological studies about the
nutritional benefits of mushrooms and health. Future clinical
studies for site-specific cancers are warranted.
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